Introduction {#s0001}
============

Pancreatic Ductal Adenocarcinoma (PDAC) is the fourth leading cause of cancer related deaths[@cit0001] with excessive local invasion and systemic dissemination seen in 75% of patients.[@cit0002] Currently, there are no reliable screening tests and the treatment options are limited to surgery.[@cit0003] Despite the recent strides made in imaging and surgical techniques and other therapeutic approaches, the 5-year survival rate is a dismal 6--8%.[@cit0004]^,^[@cit0005] The most likely reason underlying the poor prognosis of pancreatic cancer can be attributed to late diagnosis compounded by the highly aggressive nature. Treatments such as chemotherapy and radiation have no significant effect on survival and the patients invariably develop resistance. Redundant survival pathways in the tumor and stromal cells are likely to contribute to the observed drug resistance. In pancreatic cancer, tumor cell migration and invasion are seen in early stages; in addition, there is an intense desmoplastic fibrotic response, which is a hallmark of PDAC.[@cit0006] Diabetes, chronic inflammation (pancreatitis), the consumption of alcohol, and cigarette smoking are some of the associated risk factors for PDAC development. Indeed, smoking increases the incidence of PDAC by three- fold.[@cit0007] Furthermore, viral infections such as hepatitis B or C can also significantly enhance the incidence of PDAC.[@cit0008] Previously it has been shown that PDAC is a very complex genetic disease and could be due to successive accumulation of mutations in the *KRAS, CDKN2A, TP53 and SMAD4* genes.[@cit0009] Among these, KRAS somatic mutations are observed in 90% of PDAC cases.[@cit0010]

Malignant Pleural Mesothelioma (MPM) is mostly associated with asbestos exposure and the onset of MPM is linked to genetic predisposition, prior exposure to Simian Virus 40 (SV40) and radiotherapy. MPMs can be pleural (80%) or peritoneal (20%) in origin and very rarely, are localized to pericardium. The three main histological subtypes are epithelioid (60%), sarcomatoid (20%) and biphasic (20%). Frequently, tumors of mixed histology are also found. Due to the relatively long latency period (30-40 years), diagnosis of MPM is rather delayed thus contributing to the short median survival time of less than 12 months.[@cit0011] The recommended treatment is a combination of cisplatin and an anti-folate analog and the overall outcome remains poor. Due to the very low survival rates in both pancreatic and mesothelioma cancer patients, there is a pressing need for reliable prognostic markers and efficacious therapeutics. Toward this end, here, we have investigated intracellular focal adhesion kinase (FAK) as a potential therapeutic target for both PDAC and MPM.

FAK is a non-receptor tyrosine kinase localized to focal adhesions. It serves as a conduit to signals from extracellular matrix/integrin engagement. Several receptors including integrins, growth factor receptors, G protein coupled-receptors and cytokine receptors activate FAK, which then binds to and activates several downstream signaling molecules such as Src, p130 cas, Grb2, PI3K and paxillin. FAK plays a significant role in cell survival, proliferation, motility, migration and invasion.[@cit0012] Src-mediated phosphorylation of tyrosine-397 (Y397) in FAK results in its activation.[@cit0013]^,^[@cit0014] FAK is essential for normal development and mice lacking FAK die *in utero*. FAK expression is relatively low in adult tissues; however, its activity is up regulated during wound healing and transformation process.[@cit0015] FAK^−/−^ embryonic fibroblasts revealed profound defects in migration, a harbinger of metastasis.[@cit0018] FAK is over-expressed in various tumor types including colon, breast, prostate, thyroid, neuroblastoma, ovarian, cervical, brain, head and neck, liver, esophageal, pancreatic and acute myeloid leukemia; high expression of FAK invariably bodes poor prognosis.[@cit0019]^,^[@cit0020]

In the present study, we demonstrate that FAK is overexpressed in both PDAC and MPM cell lines and describe the effects of the three inhibitors of FAK on tumor growth using *in vitro* and *ex vivo* models of MPM and PDAC. PF-573228 (Pfizer, New York City) is a highly specific, ATP competitor that binds with the kinase domain of FAK. Treatment with PF-573228 blocks FAK phosphorylation on Tyr^397^ as well as the phosphorylation of its downstream target, paxillin.[@cit0021] PF-431396 is an inhibitor of FAK and the proline-rich tyrosine kinase 2 (PYK2).[@cit0022] PYK2 is a cytoplasmic, non-receptor tyrosine kinase that was shown to be a negative regulator of osteogenesis and a viable drug target for developing osteoporosis therapies. Finally, the third small molecule inhibitor we used is Defactinib (VS-6063) which is a selective, orally active, competitive ATP inhibitor of FAK.[@cit0023]

Materials and methods {#s0002}
=====================

Antibodies {#s0002-0001}
----------

Cleaved PARP (\#5625), FAK (\#130009), p-FAK (Y397) (\#3283), and Cyclin D1 (\#2922) were from Cell Signaling (Danvers, MA, USA). β-actin antibody (A2228) and fibronectin (AB1954) were from Sigma (St. Louis, MO, USA).

Cell lines {#s0002-0002}
----------

Mesothelioma cell lines (H2596, H513, H2461, H2052, H2452, H28, H2373) and one benign transformed mesothelial control cell line Met-5A and also Pancreatic cancer cell lines (PANC-1, COLO-357, CD18, AsPC-1, MiaPaca 2, and Capan 1) were obtained from American Type Culture Collection (ATCC) (Manassas, VA, USA). They were grown according to the recommended guidelines and were tested negative for mycoplasma contamination. While Met-5A cells were grown in M199 medium as per manufacturer\'s instructions, all other cells were cultured in RPMI 1640 medium (Gibco/BRL) supplemented with 10% (v/v) fetal bovine serum (FBS), L-glutamine and 1% penicillin-streptomycin at 37°C with 5% CO~2~.

Small molecule inhibitors and other reagents {#s0002-0003}
--------------------------------------------

Recombinant human HGF was purchased from R&D Systems (Minneapolis, MN, USA). PF-573228, PF-431396, and VS-6063 were purchased from Selleck Chemicals (Houston, TX, USA) and the stock solutions were prepared in DMSO and stored at -20°C.

Immunoblotting {#s0002-0004}
--------------

Cells were treated with the indicated concentrations of inhibitors for the given time. Whole cell lysates were prepared using RIPA lysis buffer and proteins were detected by immunobloting as previously described.[@cit0024]

Viability assays {#s0002-0005}
----------------

Exponentially growing cells were plated in a 96 well flat bottom plates, left overnight and then treated with the inhibitors at indicated concentrations for 72 h. Cell viability was measured using Alamar Blue method as described previously.[@cit0024] Each experiment was repeated at least three times. IC~50~ values were generated for all the cell lines using GraphPad Prism software (GraphPad Software, Inc. La Jolla CA).

Cell Cycle analysis {#s0002-0006}
-------------------

The cells were treated with the inhibitors for 48 h at the indicated concentrations, and cell cycle analysis was done using propidium iodide as previously described.[@cit0024] Samples were analyzed by LSRII flow cytometer (BD Bioscience San Jose, CA, USA). The percentage of cells in different phases of the cell cycle was calculated using FlowJo 9.3.0 software (Tree Star Inc., Ashland, OR, USA).

Apoptosis assay {#s0002-0007}
---------------

The cells were treated with the inhibitors at indicated concentrations for 48 h and apoptosis was evaluated using the Annexin V apoptosis kit from BD Biosciences as per the manufacture\'s protocol as previously described.[@cit0024]

Anchorage-independent growth {#s0002-0008}
----------------------------

The assay was carried out as previously described.[@cit0025] Briefly in a 24-well culture plate (Ibidi, Madison, Wisconsin, USA), a base layer of agar was applied followed by a top agar layer containing 2.5 × 10^3^ cells per well. Cells were cultured for 4 to 5 weeks at 37°C in a humidified atmosphere containing 5% CO~2.~ Viable colonies were photographed with a Zeiss Axiovert 200M with a Hammatsu Orca ER camera and counted using Image J software and custom written macros.

Electrical cell-based impedance sensing as a measure of cell adhesion {#s0002-0009}
---------------------------------------------------------------------

The resistance of cells in culture was measured using electrical cell-substratum impedance sensing (ECIS), as described previously.[@cit0026] Cells (7.5 × 10^4^) were plated on the chambers of 96W1E+ well plate of a single-electrode ECIS arrays (Applied Biophysics, Troy, NY; [www.biophysics.com](http://www.biophysics.com)) that were pre-coated with fibronectin. The data collection began half an hour after cell inoculation to the wells. Cell attachment, adhesion and proliferation were measured for 24--30 h. The cell resistance was measured at 40 kHz.

Organoid development from KrasG12D; Pdx-1 Cre- KC mouse tumor {#s0002-0010}
-------------------------------------------------------------

We have recently developed tumor organoids from KrasG12D; Pdx-1 Cre- KC mouse tumor. In brief, tumor organoids were established after tumor resection, mechanical and enzymatic digestion of pancreatic tumor from 50th week of KC autochthonous mouse model with 0.012% (w/v) collagenase XI (Sigma, St Louis, MO) and 0.012% (w/v) dispase (GIBCO, Waltham, MA) in DMEM media containing 1% FBS (GIBCO) and were embedded in (GFR) Matrigel (BD Biosciences, San Jose, CA) and seeded in 48 well plate as described previously.[@cit0027] This plate was incubated at 37ᵒC for 15 minutes to allow the matrigel to set following which organoid media (described below) was added. Organoids we maintained in organoid media (AdDMEM/F12 medium supplemented with 1X HEPES \[Invitrogen\], 1X penicillin/streptomycin \[Invitrogen\], 1X Glutamax \[Invitrogen\], 1X B27 \[Invitrogen\], 1 mM N-acetyl-L-cysteine \[Sigma\], 1 μg/ml recombinant RSPO1\[, 0.1μg/ml Noggin recombinant protein \[Peprotech\], 50 ng/ml epidermal growth factor \[EGF, Peprotech\], 10nM Gastrin \[Sigma\], 10 mM Nicotinamide \[Sigma\], and 0.5 μM A83-01 \[Tocris\]). Based on *in vitro* data we have selected 5 μM and 10 μM concentrations of PF-573228. Tumor organoids were treated once every 48 h, and images were taken at 20X on Day 0, 2 and 4. We have followed 15 tumoroids in each cohort and measured the size of each tumoroids using EVOS FL Auto Cell Imaging System and analyzed significant variation in the tumoroids area upon treatment.

Results {#s0003}
=======

Expression of FAK at the protein and mRNA level in MPM and PDAC cell lines {#s0003-0001}
--------------------------------------------------------------------------

First, we assessed the relative expression of FAK protein in a panel of MPM cell lines listed in the Material & Methods as well as in the control cell line Met-5A, which are non-tumorigenic. In addition, we also determined FAK protein expression in a panel of PDAC cell lines also listed in the Materials & Methods. As shown in [Fig 1A](#f0001){ref-type="fig"}, FAK expression at protein level in both MPM and PDAC cell lines is relatively high compared with Met-5A control mesothelial cells. β-actin served as the loading control. To determine expression at the mRNA level, we mined gene expression microarray data from the National Center for Biotechnology Information Gene express Omnibus (GEO) ([www.ncbi.nlm.nih.gov/geoprofiles](http://www.ncbi.nlm.nih.gov/geoprofiles)) for FAK from mesothelioma (Reporter: GPL96, 207821_s\_at (ID_REF), GDS1220, 5747 (Gene ID), NM_005607) and pancreatic cancer samples (Reporter: GPL570, 1559529_at (ID_REF), GDS4102, 5747 (Gene ID), BC043202) that were obtained in patients who underwent surgery and analyzed them. As shown in [Fig 1B](#f0001){ref-type="fig"}, consistent with the protein expression data, FAK mRNA was significantly upregulated in both MPM and PDAC compared to the respective adjacent normal tissue samples. The number of samples in each cohort is indicated in the figure legend. Figure 1.Expression of FAK and effect of FAK inhibitors on the growth of MPM and PDAC cell lines. (A) Panel of MPM and PDAC cell lines analyzed for FAK using immunoblot analysis and β-Actin was used as loading control. (B) Gene expression microarray data from the National Center for Biotechnology Information Gene express Omnibus (GEO) ([www.ncbi.nlm.nih.gov/geoprofiles](http://www.ncbi.nlm.nih.gov/geoprofiles)) for FAK from mesothelioma (Reporter: GPL96, 207821_s\_at (ID_REF), GDS1220, 5747 (Gene ID), NM_005607) and pancreatic cancer samples (Reporter: GPL570, 1559529_at (ID_REF), GDS4102, 5747 (Gene ID), BC043202). Number of samples for normal pleura, n = 5, normal lung, n = 4, and for malignant pleural mesothelioma, n = 42 (left). For pancreatic cancer, the number of samples for normal pancreas, n = 16, and for pancreatic cancer n = 36. (C) Viability curves of MPM cell lines and (D) PDAC cell lines after treatment with the FAK inhibitors PF-431396, PF-573228 and VS-6063 for 72 h and cell viability was then assessed using Almar blue assay. The results were normalized as a percentage of untreated controls and analyzed using graphpad Prism software (version 7.02) to calculate the EC50 value for each drug. All experiments were repeated at least twice and each concentration was assayed in triplicate for each experiment.

FAK inhibitors significantly suppress MPM and PDAC cell proliferation {#s0003-0002}
---------------------------------------------------------------------

Cell viability was determined in selected MPM cell lines and in the control Met-5A cells following treatment with increasing concentrations of PF-431396, PF-573228 and VS-6063 for 72 h. As shown in [Fig 1C](#f0001){ref-type="fig"}, cell viability was significantly decreased in all the MPM cell lines tested in response to all three inhibitors, but not in Met-5A. Of these, the H2596, H2052 and H513 cell lines were the most sensitive. In parallel, we also determined the effect of the inhibitors on PDAC cell lines and observed that most of the PDAC cell lines were also sensitive to the FAK inhibitors ([Fig 1D](#f0001){ref-type="fig"}). In particular, MiaPaca 2, Capan 1, CD18/HPAF and Colo357 were the most sensitive as compared to Panc-1 and AsPC-1 PDAC cell lines.

Effect of FAK inhibitors on apoptosis in MPM and PDAC cells {#s0003-0003}
-----------------------------------------------------------

MPM and PDAC cells were treated with the three inhibitors separately for 48 h and the percentage of apoptotic cells was determined as described in the materials and methods. As shown in [Fig 2A & B](#f0002){ref-type="fig"}, at the lowest concentration of PF-431396 (1 μM) there was a two-fold increase in the number of apoptotic cells in H2596 cell line. However, both PF-573228 and VS-6063 at this concentration failed to demonstrate any discernable effect on apoptosis. The data clearly showed that, PF-431396 was more potent in inducing apoptosis (significant at all tested concentrations, P≤ 0.001) in MPM cells as compared to PF-573228 (significant at 5 and 10 μM) and VS-6063 (only at 5 and 7.5 μM concentrations). Figure 2.FAK inhibitors, PF-431396, PF-573228 and VS-6063, induces apoptosis in both MPM and PDAC cells. (A, B) H2596 and (C, D) MiaPaca 2 cells were stained with Annexin V-FITC/PI after treatment with the inhibitors and were analyzed by flow cytometry. Results are expressed as the mean percentage of apoptotic cells ± SEM. (\*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001).

Similar results were observed with PDAC cells (Miapaca 2) ([Fig 2C & D](#f0002){ref-type="fig"}) (For PF-431396 P\<0.001 at all the concentrations, PF-573228 P\<0.001 at 10μM and VS-6068 P\<0.001 at 5 and 7.5 μM concentrations). However, in Capan 1 cells, we observed a significant increase in the number of apoptotic cells only at higher PF-431396 concentrations (2 and 4μM) (Supplementary Fig 1). Both Miapaca 2 and Capan 1 were more sensitive to PF-573228 compared to H2596 cells. As shown in [Fig 2C & D](#f0002){ref-type="fig"}, in the case of MiaPaca 2 cells, higher concentrations of VS-6063 (5.00 and 7.5 μM) induced a significant increase (three and four-fold P\<0.001) in the number of apoptotic cells compared to untreated control cells. However, Capan 1 cells were highly susceptible even at the lowest concentration of VS-6063 tested. This clearly indicated that VS-6063 is much more effective in Capan 1 compared to MiaPaca 2 cells (Supplementary Fig 1).

Effect of FAK inhibitors on cell cycle arrest in MPM and PDAC cells {#s0003-0004}
-------------------------------------------------------------------

To investigate the underlying mechanism related to the loss of cell viability, we treated both MPM (H2596) and PDAC (MiaPaca 2 and Capan 1) cells with FAK inhibitors and determined cell cycle progression. Treatment of H2596 cells with PF-431396 significantly arrested the MPM cells in G2/M phase at all the concentrations tested (1 to 10 μM) but maximum arrest was seen at 2.5 μM concentration (P ≤ 0.001 for all concentrations). In comparison, PF-573228 arrested the MPM cells in G2/M phase only at higher concentrations (5 and 10 μM, P ≤ 0.001) ([Fig 3A](#f0003){ref-type="fig"}). PDAC cells revealed a similar trend (Miapaca 2 and Capan 1) ([Fig 3C](#f0003){ref-type="fig"}, and supplementary Fig 2A). Treatment with VS-6063 on the other hand, significantly arrested MPM cells in G2/M phase at all the concentrations tested (concentration-related P ≤ 0.05-0.001) ([Fig 3B](#f0003){ref-type="fig"}). The FAK inhibitors however, had no effect on G0/G1 phase in MPM cells ([Fig 3A & B](#f0003){ref-type="fig"}). MiaPaca 2 treated with VS-6063 succumbed to arrest at G2/M phase at higher concentrations (P ≤ 0.01 at 5 μM and P ≤ 0.001 at 7.5μM). However, in Capan 1 cells only the highest concentration was effective in bringing about G2/M arrest (P ≤ 0.001) ([Fig 3D](#f0003){ref-type="fig"}). In Miapaca2 and Capan 1 cell lines VS-6063 did not have a measurable effect on G0/G1 phase ([Fig 3C, D](#f0003){ref-type="fig"} and Supplementary Fig 2A, B). Figure 3.Treatment of MPM and PDAC cells with FAK inhibitors result in G2/M arrest. Summary of percentage of cells in each cell cycle phase after the treatment of both H2596 (A, B) and Miapaca 2 (C, D) cells with PF-431396, PF-573228, and VS-6063 for 48 h. Data is shown as the % of cells in G1, S, and G2-M phases ± SEM. (\*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001).

Effect of FAK inhibitors on PARP cleavage and Cyclin D1 in MPM and PDAC cells {#s0003-0005}
-----------------------------------------------------------------------------

Since growth-arrest of cells, especially at G2/M phase can induce apoptosis, we investigated the effect of PF compounds on the levels of poly (ADP-ribose) polymerase (PARP) and its cleaved product, a marker of apoptosis in both MPM and PDAC cell lines. In addition, we also measured the levels of cyclin D1, a regulator of cell cycle and observed that they were decreased in MPM (H2596 and H513) cells treated with both the PF compounds. The effect of PF-431396 however was more intense than PF-573228 in both types of MPM cells tested. Treatment with PF-431396 resulted in increased levels of cleaved PARP in both MPM cells as compared to PF-573228. A similar trend was observed in PDAC (Miapaca 2 and Capan 1) cells ([Fig 4A & B](#f0004){ref-type="fig"}). This clearly suggested that PF-431396 is relatively more potent in triggering apoptosis and inhibiting cell cycle progression as compared to PF-573228. Figure 4.FAK inhibition modulates PARP and Cyclin D1 proteins in MPM and PDAC cells. (A) MPM and (B) PDAC cells. Cells were treated with PF-573228 (5 and 10 µM) or PF-431396 (4 and 8 µM) FAK inhibitors for 48h, subjected to Western blot analysis, and analyzed for cleaved PARP and cyclin D1 protein levels.

Effect of FAK inhibitors on HGF stimulated downstream signaling in MPM and PDAC cells {#s0003-0006}
-------------------------------------------------------------------------------------

We next investigated the effect of PF-573228, PF-431396 and VS-6063 on FAK Y397 phosphorylation status, a reflection of its activity. VS-6063 significantly inhibited phosphorylation of FAK at Y397 in both the MPM cell lines H2596 and H513, in a dose-dependent manner ([Fig 5A](#f0005){ref-type="fig"}). Similar trends were also observed in both the PDAC cell lines MiaPaca 2 and Capan 1 following treatment with VS-6063 ([Fig 5B](#f0005){ref-type="fig"}). Next, we detected the effect of both PF-573228 and PF-431396 on the levels of p-FAK protein in Miapaca 2 and Capan 1 cells in a dose-dependent manner. PF-431396 decreased the levels of p-FAK in both Miapaca 2 and Capan 1 cells. However, PF-573228 had a dramatic suppressive effect only in Capan 1 cells, whereas in Miapaca 2 cells the same effect was observed only at a much higher concentration ([Fig 5C](#f0005){ref-type="fig"}). Figure 5.Effect of FAK inhibitors on downstream signaling pathway in MPM and PDAC cells. (A) Immunoblots of MPM and (B) PDAC cells after treatment with indicated concentrations of VS-6063 for 24 h. (C) Immunoblots of PDAC cells treated with indicated concentrations of PF-431396 and PF-573228 for 24h. The cells were stimulated with human recombinant HGF (100 ng/ml) before preparing the cell lysates.

FAK inhibitors suppress anchorage-independent colony-forming ability of MPM and PDAC cells {#s0003-0007}
------------------------------------------------------------------------------------------

The ability of tumor cells to form anchorage independent colonies *in vitro* is a reflection of their tumorigenic potential. We therefore determined the effect of all three FAK inhibitors on anchorage-independent colony formation in MPM and PDAC cells. H2596 cells were plated in soft agar and then treated with all three FAK inhibitors alone and allowed to form colonies over 4 to 5 weeks. Our results showed that treatment of H2596 cells with all the three FAK inhibitors resulted in a dose-dependent decrease in the number of colonies compared to control cells (P ≤ 0.001 for all the three FAK inhibitors). VS-6063 appeared to be the most effective at all the concentrations tested in inhibiting anchorage-independent growth of MPM cells followed by PF-431396. Compared to these, PF-573228 was least effective ([Fig 6A, B](#f0006){ref-type="fig"}). Also, we observed a significant decrease in the size of colonies formed by cancer cells in response to FAK inhibitors compared to untreated control. Once again, VS-6063 exhibited the maximum effect followed by PF-431396, and PF-573228 had the least effect (P ≤ 0.001 for all the three FAK inhibitors) ([Fig 6C, D](#f0006){ref-type="fig"}). Similarly, MiaPaca 2 cells when treated individually with the three FAK inhibitors resulted in significant decrease in the number of colonies in a dose-dependent manner as compared to untreated control (P ≤ 0.001 for PF compounds and VS-6063 except at lowest concentration). PF-431396 and PF-573228 inhibitors were more effective than VS-6063 ([Fig 6C, D](#f0006){ref-type="fig"}). Also, the size of the colonies was significantly reduced in the FAK inhibitor treated groups compared to the colonies in the control group (P ≤ 0.001 for PF compounds and highest concentration of VS-6063). ([Fig. 6D](#f0006){ref-type="fig"}) Similar results were also observed using Capan 1 cells (Supplementary Fig 3**)**; however, Capan 1 cells were more sensitive than MiaPaca 2 cells. These results suggest that PF compound could be used to understand the FAK mediated mechanism(s) associated with proliferation and migration potential of MPM and PDAC cells. These *in vitro* studies appeared promising to initiate studies using a mice model or their derived tumoroids. Figure 6.PF-431396, PF-573228, and VS-6063 inhibit the anchorage independent growth of MPM and PDAC cells in a soft agar assay. Colony formation assay showing cell growth inhibition of H2596 (A-D) and MiaPaca 2 (E-H) cells in response to treatment with FAK inhibitors. A, E show decrease in the number of colonies whereas C and G showed decrease in the size of colonies after the treatment of both the cell lines with the FAK inhibitors. Representative colony images are shown in B, D, F and H. Results are expressed as number of colonies per field of view ± SEM. (\*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001). Scale bar = 20 μm.

FAK inhibitors suppress adherence and proliferation of PDAC cells on fibronectin {#s0003-0008}
--------------------------------------------------------------------------------

Electrical resistance measurement is a direct measure of cell spreading/adhesion, differentiation and maturation of cells into a confluent barrier.[@cit0028]^,^[@cit0029] We investigated the effect of PF-573228 and PF-431396 on adhesion and proliferation of MiaPaca 2 and Capan 1 cells. Cell adhesion/spreading was measured using ECIS as described in the Materials & Methods. PDAC cells were treated with 1 μM of PF-431396 and 4 μM of PF-573228 for 24 h and inoculated to 96 well plate coated with fibronectin. Resistance measurements were recorded after 30 min of cell inoculation. MiaPaca 2 and Capan 1 cell lines was observed to slowly increase resistance over time (Supplementary Fig. 4A & C). During the first 10 h, cells treated with vehicle showed a robust increase in resistance and reached a maximum at 20 h for MiaPaca2 cells, and 30 h for Capan1 cells. Treatment of Miapaca 2 cells with FAK inhibitors dropped off the resistance over the 24 h and cells had poor initial attachment/spreading (Supplementary Fig. 4B). Similar results were observed in Capan 1 cells (Supplementary Fig. 4B & D). However, MiaPaca 2 and Capan 1 cells had different fibronectin adhesive characteristics. Capan 1 cells adhered more rapidly than MiaPaca 2 cells. Also, maximal normalized resistance for MiaPaca 2 cells was lower than that for Capan 1 cells. Bar graphs shown in Supplementary Fig. 4B & D, represent normalized resistance at indicated times for vehicle and PF-431396 and PF-573228 inhibitors for both the cell lines PF-573228 and PF-431396 significantly reduced maximum resistance of MiaPaca 2 (P ≤ 0.05) and Capan 1 (P ≤ 0.01) cells compared with vehicle (Supplementary Fig. 4).

Effect of FAK specific inhibitor (PF-573228) on tumor organoids derived from Kras^G12D^; Pdx-1 Cre (KC) mouse model of pancreatic cancer {#s0003-0009}
----------------------------------------------------------------------------------------------------------------------------------------

Tumor-organoids were derived from autochthonous KC mice model and subjected to FAK-specific inhibitor (PF-573228) treatment at 5 and 10 µM concentrations for four days, and then 15 organoids in each group were carefully followed for morphological or structural variations. FAK inhibitor treatment showed decreased tumor organoid size at both 5 and 10 µM treatments ([Fig. 7A and B](#f0007){ref-type="fig"}). A statistically significant reduction in the growth of KC tumor organoids was observed at 10 µM concentration of PF-573228 (p = 0.03) as compared to untreated controls ([Fig. 7A and B](#f0007){ref-type="fig"}). Furthermore, we also observed increased number of dead organoids when treated with FAK inhibitor compared to untreated organoids (Supplementary Fig. 4A, B, C). These *ex-vivo* experiments also support our contention that the FAK inhibitors deserve further translational studies to validate their therapeutic potential in treating MPM and PDAC. Figure 7.FAK-specific inhibitor PF-573228 restricts the growth of murine pancreatic tumor organoids. We have generated and cultured tumor organoids derived from the well-established KrasG12D; Pdx-1 Cre (KC) mouse model of pancreatic cancer. Murine KC organoids grow with pancreatic ductal adenocarcinoma architectures when supplemented with specialized media. Tumoroids were treated with 5 and 10 μM concentrations of PF-573228 for 24 h and the effect of FAK inhibitor was followed for 0 to 4 days and images were taken using EVOS FL Auto Cell Imaging System once in every 48 h at 20X magnification. (A) Representative light microscopic images (Magnification at 20X) of KC organoids treated with no drug, 5 and 10 μM concentration of PF-573228 at days 0, 2 and 4. Arrows are pointing out the morphological resemblance of organoids at day 0, 2 and 4. (B) The effect of FAK inhibitor on tumoroids was determined by measuring the tumoroid area of each organoid in the micro square using the quantification software installed in the imaging system. Box and whisker plot shows the effect of FAK inhibitor PF-573228 at two different doses 5 and 10 μM on KC tumoroids. The growth of KC organoids was reduced at both lower (5 μM) and higher concentration (10 μM) on both days of 2 and 4. Statistical significance (P = 0.03) exists between control or no drug treatment and 10 μM concentration of PF-573228 treatment on KC organoids at day four (after drug exposure).

Discussion {#s0004}
==========

MPM and PDAC are two of the most devastating diseases in dire need of highly effective therapies. Both cancers suffer from late diagnosis leaving limited therapeutic options. Understanding the role of key signaling molecules in the overall oncogenesis, growth, and metastasis, has propelled the discovery of novel cancer therapeutic targets. In this context, FAK is known to play a key role in a variety of cancers. It promotes both tumor growth and metastasis. Here, we have shown that FAK is overexpressed in a variety of PDAC and MPM cell lines and when treated with FAK inhibitors (PF-573228, PF-431396, and VS-6063) suppressed cell proliferation and anchorage independent colony formation in a dose-dependent manner. Further analysis revealed cell cycle arrest in G2/M phase and enhanced apoptosis. Using ECIS system-based analysis, we have demonstrated that treatment with the above FAK inhibitors revealed significant suppression of cell adherence and migration of select PDAC cells on fibronectin. *Ex-vivo* experiments using tumor-organoids derived from autochthonous KC mice treated with FAK-specific inhibitor PF-573228 resulted in a significant decrease in size and promoted tumor organoid death suggesting drug effectiveness in a relatively complex 3D environment.

Our results concur with several previous reports demonstrating FAK overexpression in a variety of cancers and a positive correlation between its overexpression and increased malignancy.[@cit0030] One of the underlying mechanisms could be amplification of the FAK gene or it\'s upregulation by tumor related transcription factors resulting in FAK overexpression and activation of FAK.[@cit0031]^,^[@cit0032] In PDAC, a statistically significant correlation exists between FAK expression and tumor size and staging.[@cit0033]^,^[@cit0034] Sawai H et al (2005) showed that, in PDAC, FAK is overexpressed with increased activity. Increased FAK activity could also be due to enhanced Y397 phosphorylation on FAK[@cit0035]^,^[@cit0036] .We also have shown here using both MPM and PDAC cell lines, that the basal phosphorylated levels of FAK are much higher ([Fig. 5](#f0005){ref-type="fig"}). As shown by others, activation of FAK could, in turn, lead to activation of the downstream Ras/ERK signaling pathway, which is known to promote cell adhesion and invasion of PDAC cells.[@cit0035]

In general, in case of MPM cell lines such as H2596 and H2052 that expressed relatively high levels of FAK responded with low IC~50~ values to all the three FAK inhibitors tested ([Fig. 1](#f0001){ref-type="fig"} and Supplementary table 1), indicating that they were very sensitive. In contrast, H2373 and H2461 that expressed relatively low levels of FAK revealed much higher IC~50~ values to all the three FAK inhibitors suggesting that they were much less sensitive. High FAK expressers such as CD18 and CAPAN-1 were more sensitive to FAK inhibitors; however MiaPaCa2 that revealed much lower levels of FAK was the most sensitive. Although one can with some reservations say that higher FAK levels probably are predictive of higher sensitivity to FAK inhibitors, however there is significant variation between cell lines. One of the underlying reasons could be a significant variation in the expression of Merlin, a tumor suppressor. There appears to be a reciprocal relationship between the two.[@cit0037]

Recently it was shown that hyperactivated FAK plays a key role in fibrosis and immunosuppression, which finally leads to progression of PDAC. FAK inhibition, on the other hand using VS-4718 significantly suppressed tumor progression.[@cit0038] In tumor cells, it has been reported that activated nuclear FAK enhances chemokine secretion and expansion of regulatory T cells, which in turn suppress cancer surveillance. In cancer cells treated with FAK inhibitor, this immune suppression is relieved thereby paving the way for PL1 based immunotherapy.[@cit0039]

The FAK inhibitor, TAE-226, in a dose-dependent manner decreased FAK phosphorylation and cell viability. It is also known to inhibit the growth of breast cancer cells, their detachment and also promoted apoptosis.[@cit0040] In case of esophageal cancer cells, TAE-226 inhibited cell migration and proliferation. Interestingly, it induced apoptosis *in vitro* and inhibited tumor growth *in vivo*.[@cit0041] The results presented here using a different set of FAK specific inhibitors revealed similar effects on MPM and PDAC cell proliferation, migration and apoptosis. It is very likely that FAK inhibitors induced cell cycle arrest in G2/M phase ([Fig. 3](#f0003){ref-type="fig"}) which is known to trigger enhanced apoptosis in MPM and PDAC cells ([Fig. 2](#f0002){ref-type="fig"}). Taken together, the above findings clearly indicate that FAK inhibitors can be potentially used for treating MPM and PDAC. An accurate and stringent *in vitro* assay for the detection of malignant transformation of cells is testing for anchorage-independent growth of cells on soft agar. Our results clearly demonstrate that treatment of MPM and PDAC cells with either of the FAK inhibitors significantly decreased the number and size of anchorage-independent colonies formed in a dose-dependent manner as compared to controls ([Fig. 6A-H](#f0006){ref-type="fig"}). These findings are in agreement with those reported using PF-562271, a potent ATP competitive dual inhibitor of both FAK and Pyk2. Interestingly, unlike our observations made here, PF-562271 does not affect growth or apoptosis of several human cancer cell lines; however, it strongly inhibits anchorage-independent growth in soft agar and tumor-xenografts in mice.[@cit0042] GSK2256098, another FAK inhibitor that suppresses Y397 phosphorylation also decreased cell viability, anchorage-independent growth, AKT/ERK phosphorylation and motility in a dose-dependent manner and increased apoptosis in PDAC.[@cit0043] We are in the process of extending the studies to determine the effects of the three FAK inhibitors on *in vivo* MPM and PDAC mouse xenograft tumor growth and metastasis.

Several studies in a variety of cancers have shown that the levels of CD1 are elevated and contribute to the growth and development of various cancers. In a dividing cell, CD1 is synthesized in G0/G1 phase and the levels are maintained throughout the various phases of the cell cycle. Some of the chemotherapeutic agents are known to promote CD1 degradation.[@cit0044]^,^[@cit0045] Our studies are in accordance; however low levels of CD1 should result in more of a G1/S arrest whereas our results show G2/M arrest. It is possible that the low levels of CD1 seen in this study are sufficient for the cell to cross G1/S checkpoint but not enough to surmount G2/M ([Fig. 3](#f0003){ref-type="fig"} & [Fig. 4](#f0004){ref-type="fig"}). It is also possible that apart from CD1, there may be other factors involved in the observed G2/M arrest.

The FAK inhibitors used here have been tested for their efficacy in cancer cell lines (*in vitro*) and mouse xenograft tumor models (*in vivo*) where a decrease in tumor growth and metastasis was observed.[@cit0020]^,^[@cit0046] There are very few studies, which are focused on toxicity of these inhibitors in normal cells. In one such study, the effect of these inhibitors in neighboring endothelial cells residing in the tumor microenvironment was investigated using FAK inhibitors (PF-573228 and FAK Inhibitor 14). The endothelial cell viability, survival, migration and vessel formation were all adversely affected upon exposure to the above FAK inhibitors. Surprisingly endothelial cells appear to be more sensitive to FAK inhibition than tumor cells. Also PF-573228 additionally induces apoptosis of endothelial cells within 36 h of post-drug administration. It is therefore very likely that inhibition of FAK adversely affects tumor growth via suppression of angiogenesis.[@cit0047]

Further validation of FAK inhibitors, either alone or in combination with first-line therapies such as platinum based compounds (MPM) or gemcitabine/albumin bound paclitaxel (Abraxane) (PDAC) that are currently under way in our laboratory should help translate these preclinical studies in the near future.
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